Diode-laser absorption tomography is described with which the spatial temperature and the atomic number density distribution of a 3-kW class arcjet can be derived simultaneously by reconstruction of the absorption coefficient field of the arcjet's argon exhaust plume. One can perform various parameter measurements by changing the arcjet's mass-flow rates and discharge currents. The maximum temperature and atomic number density increase with the mass-flow rate and the discharge current. The trend for increase is not always found for a specific input power, although at a fixed mass-flow rate the power increases at that rate.
Introduction
An arcjet thruster is an electric propulsion device that has proved to be suitable as a spacecraft propulsion device for maintaining satellite stations, for vehicle-orbit transfer, and for space exploration. Of all the electronic propulsion systems, the arcjet operates most like a conventional chemical rocket, but it can operate with a wide variety of propellants and can achieve a higher specific impulse than the best chemical rockets. This improved performance can be used to extend mission life, to reduce launch mass, or to increase payload. The research to develop a better arcjet has been centered on understanding the arcjet's physics to increase its efficiency, stability, and life expectancy for decades. Plume properties are of great interest to spacecraft integrators because these properties are correlated not only with the thrust efficiency and the thermal efficiency of the arcjet but also with the mechanisms for dissociation and ionization of plasma. Some experimental studies were conducted in recent years with electrical and optical techniques to elucidate the physical processes that govern the arcjet's operation, and progress in arcjet technology is being achieved. [1] [2] [3] [4] [5] [6] Because nonintrusive measurement techniques, which do not alter the flow field or the electrical characteristics of the plasma, are preferred, the interest in measuring the properties of a plane's exit flow based on laser-induced fluorescence, Rayleigh scattering, and other coherent laser scattering approaches has been driven by recent advances in laser technology. [7] [8] [9] [10] [11] These methods, however, generally require large and complex laser sources and other kinds of equipment that are expensive and incompatible for a wide-range of applications.
The diode-laser absorption technique has been applied more often lately because of recent improvements in spectroscopic-grade, tunable diode lasers and has provided a powerful tool for highly sensitive control of amplitude and frequency stability in a hypersonic or reacting flow. This technique is attractive because diode-laser sources are compact, rugged, cost-effective, and simple to operate. In addition, their unique features, such as narrow linewidth and ease of rapid frequency modulation ͑of the order of hundreds of kilohertz͒ and a large output power at a small emitting area, make possible the diagnosis of unsteady flows with high spatial and temporal resolution. 12, 13 However, such line-of-sight techniques have found only limited use because of their inability to provide spatially resolved measurements.
Recently an optical absorption tomography was developed that uses line-of-sight measurement to provide information at any point in a flow field. Many efforts, including determining maps of temperature and concentrations, are being made to extend this technique to fluid mechanics and combustion phenomena. 14 -17 In this paper we focus on the application of diode-laser absorption computerized tomography for diagnosis of the argon plasma plume generated by a 3-kW arcjet thruster. We took the measurements by varying the discharge current and the mass-flow rate. The spatial temperature and density of the plume were derived by the reconstructed absorption coefficient from a small number of absorption measurements across the plume. We studied the development of the plume with the massflow rate by taking our measurements in the axial direction.
Experimental Apparatus

A. Arcjet
The arcjet used in this study consists of a thoriatedtungsten cathode and a water-cooled 3-kW copper anode, as shown in Fig. 1 . Its dimensions are listed in Table 1 . For the experiments, the arcjet was installed in a 1.2-m-diameter, 1.5-m-long cylindrical stainless-steel vacuum chamber evacuated at 10,000 L͞s by a pumping system consisting of two diffusion pumps, a roots blower, and a rotary pump. 18 A background pressure of 0.3 Torr was maintained during operation. Argon was used as the propellant and its flow was regulated by a thermal mass-flow controller.
B. Diode Laser's Optical Assembly
A single-mode diode ͑LT017MDO, Sharp Corporation͒ was attached to a small Cu block to maintain thermal contact with the temperature controller in which a film heater, a Berthier cooler, and a sensing thermistor are bonded. The collimating lens is set on an adjustable block. An active electronicfeedback thermal control uses an ALP-7033 CA laserdiode driver ͑Asahi Data Systems Corporation͒ to stabilize the temperature of the diode laser to within 0.01 K and to adjust the laser wavelength to the center of the desired scan range. At a driving current of 65 mA at 25°C, according to the specifications the diode laser nominally provides an output power of 40 mW͞cm 2 at a wavelength of 810 nm. During the measurements, the laser was modulated with a 50-Hz triangular-function injection current obtained with a function generator, so the laser frequency sweeps over the selected absorption line.
C. Experimental Setup
A schematic diagram of the measurement system is presented in Fig. 2 . The output of the diode laser is split into four components. The first is directly recorded with a photodiode detector ͑#1͒ as a function of time. The second component ͑#2͒ passes through an argon discharge tube to produce the reference peak of absorption. The third component ͑#3͒ passes through a Fabry-Perot ͑FP͒ etalon to provide reference frequency spacing during the scanning of the laser-oscillation frequency. The balance of the laser beam ͑#4͒ is carried by a signal fiber to the flow field in the vacuum chamber, where it is collected by a matched fiber coupling assembly at the end of the fiber.
Uncooled photodiodes ͑TPS-708, Toshiba Electronics Company͒ with high sensitivity at a wavelength of ϳ810 nm were used as detectors, and these signals were recorded simultaneously with an ͑DL170, Yokogawa͒ eight-channel digital oscilloscope. After completion of the experiment, the original data are transferred by a small computer system interface ͑SCSI͒ bus to a computer ͑Macintosh Power PC͒ for precalculation of the ratio and projection data arrangement. The reconstruction took place in a computer center ͑Supercomputer͒.
D. Projection Stack
The diode-laser fiber coupling assembly that sits on one side of the stack ͑see Fig. 3͒ consists of an optical fiber connector, a collimating lens holder, a Y-Z stage, and an adjustable mount to provide a fine tilt for the fiber chuck. The laser beam was adjusted to match the detector on the other side of the stack through the plume. For the experiment the arcjet was stationary, while the position of the stack was controlled by the translation of two linear stages. One translation stage is for vertical motion and the other is for horizontal movement. The two translation stages are driven by two stepper motors. The stack is made principally from aluminum. Because we found some discharges between the plasma plume and the metal stack when the motor and the arcjet worked at the same time, an insulating material ͑Bakelite͒ was used in part of the stack ͑as shown in Fig. 3͒ to prevent discharge and to protect the motors. The stack contained a laser beam to take the absorption data across the plume at any expected location.
Absorption Spectroscopy
A. Absorption Law and Absorption Coefficient
The laser absorption formula is well established and is characterized by the Beer-Lambert law as (1) where ⌬I is the absorbed laser intensity, I 0 is the incident laser intensity, and L is the absorption path length in centimeters. The total absorption coefficient at wavelength is the sum of the absorption coefficient and a contribution from the induced emission, which is considered a negative absorption:
Here, i and j are lower and upper energy levels, respectively, h and c are the Planck constant and the speed of light, B is Einstein's absorption probability, ͑͒ is the absorption shape function, and n is the atomic number density, in inverse cubic centimeters, which can be given as
where g and E are the statistical weight and the energy level, respectively, is the Boltzmann constant, and U͑T͒ is a partition function. For local thermodynamic equilibrium and a collisiondominated plasma,
If h͑͞T͒ Ͼ 1, induced emission can be neglected in the Wien range. In this case, at 811.531 nm and T ϭ 500-15,000 K, h͑͞T͒ ϭ 1.18-35.5 ͑Ͼ1͒. Therefore, from Eqs. ͑6͒ and ͑7͒, the relation can be written as
where e and m, respectively, are electron charge and mass. It can be seen that Eq. ͑8͒ directly links the relation of absorption coefficient and density of the lowest excited state of the absorption medium. 12,19 -21 
B. Measurements of Temperature and Number Density
The absorption profile, g͑͒, can be expressed as the following function 17 :
Here 0 is the species absorption center frequency ͓Hz͔, ⌬ D is the FWHM of the absorption profile as a result of the Doppler broadening, which can be defined as
where mЈ is the atomic mass of absorption gas ͓kg͞ Kmol͔, and T is the translational temperature ͓K͔.
At the absorption line, the shape function can be given as
and Eq. ͑8͒ can be rewritten as
Based on Eqs. ͑10͒ and ͑12͒, the temperature and the atomic number density of the lowest excited state of the absorption medium can be derived from knowledge of the Doppler broadening and the absorption coefficient at a given location that can be reconstructed from Eq. ͑1͒ by optical absorption tomography.
Optical Absorption Tomography
To complete the density and temperature measurements described in Section 3, one must know the absorption coefficient at a given location. The coefficient can be reconstructed by optical absorption tomography, which is based on the familiar computerassisted tomography that is now in common use in the medical field. This technique has also been shown to provide accurate temperature and concentration measurements in combustion and flow. [15] [16] [17] Although it is a Fourier-transform approach, it does not actually require the evaluation of any transforms, and it permits high-speed computation of the property field. The following is a brief review. More details can be found in Refs. 17 and 18.
A. Algorithm
The relation between the measurements and the projections ͑as shown in Fig. 4͒ is
Because p͑r, ͒ is known from the experiment, the solution of Eq. ͑13͒ would yield the desired property field of the absorption coefficient. The solution utilized the convolution backprojection technique. The one-dimensional Fourier transform of Eq. ͑13͒ is written as
where r ϭ x cos ϩ y sin and s ϭ Ϫx sin ϩ y cos . The two-dimensional Fourier transform of ͑x, y͒ is given as
we can simplify its inverse Fourier transform by setting r ϭ x cos ϩ y sin :
From the Fourier slice theorem, 22 K͑R cos , R sin ͒ ϭ P͑R, ͒.
Hence Eq. ͑16͒ can be rewritten as
Then, from the convolution,
where can be considered a filter function. Its choice greatly affects the computational requirements as well as the accuracy of the convolution algorithm. Therefore its selection must depend on the noise of the instrumental system as well as on the band limit of the function to be reconstructed. The commonly used modified Shepp-Logan filter was implemented in this study. 23, 24 Because p͑r, ͒ is known only in the sampled domain, it is necessary to replace the integrals by their discrete summation approximations: where a is the spacing between uniform samples and
B. Simulated Test and Results
A FORTRAN program was developed for reconstruction of the property field, and we tried to use a true function to test it. 18 Because the field distributions in the plume flow are smooth as a result of the diffusion phenomena, and a sharp discontinuity or a point source is avoided, a Gaussian profile was taken as a projection function as given by the following relation:
We integrated the reconstructed function by using Eq. ͑13͒ and compared the result with the original projection. The projection values of M and N for the computer reconstruction are both 50. As shown at the top of Fig. 5 , the filled circles denote the original results and the filled diamonds represent the integrating results from the reconstructed field. The bottom part of Fig. 5 shows the residuals between them; good agreement was found.
Results and Discussions
A. Measurement Process
Complete sets of measurements were taken across the plasma plume for various operating conditions of an arcjet, as we discussed in detail in Subsection 5.B, at three axial locations, z ϭ 1.5, 101.5, 151.5 mm downstream of the arcjet's exit plane. The arcjet's plume is assumed to be axisymmetric. The steadiness of its operation was tested in a preliminary experiment with absorption data at a fixed location across the plume, discharge current, and voltage. In the radial projection measurement, the projection data were acquired in 1-mm increments across the plume radius, moving from the center to beyond the outer edge, with the axially symmetric characteristics of the plasma plume. It takes ϳ6 s for data acquisition at each point. The plume edge was determined when the absorption intensity was less than 0.001 mV. Because the radius of the plume changes with the operating conditions of the arcjet, the number of recorded data in each set is different. The 1-mm steps of the translational movement were set and controlled by the motor. The repeatability of each step was tested with and without the stack, which is shown schematically in Fig. 3 . ͑The weight of the stack, including the optical assembly, is ϳ3 kg.͒ The accuracy is better than 0.1 mm.
The incident laser signals without plume absorption were measured before conduction of each set of radial projection measurement and after completion of the measurement. The variation of the signals was found to be less than 3% for most sets. The steadiness of the laser source was referenced to the absorption profile through the argon discharge tube. The voltage used for the tube was set at a constant value of 300 V. The absorption signals through the center of the tube were recorded in all the measurements. After a Gaussian fit of the absorption profile, the changes in both maximum intensity and broadening were less than 8% in most cases.
For each measurement, the incident signal of the diode laser and its FP signal and transmission signals through the argon discharge tube and the plasma plume were recorded simultaneously by the oscilloscope. We obtained the absorption profiles at the time base by deriving the differences between the incident laser signal and the transmission signals. As described in detail in Ref. 18 , the frequency-based absorption profile can be derived from the time-based reduced absorption profile with reference to the FP etalon signal. Therefore the projection data at one angle ͑defined as 0°here͒ can be calculated as
Because projections at different angles maintain the same profile because of the axial symmetry of the arcjet plume, the spatial distribution of the absorption coefficient can be reconstructed if one is familiar with a single set of the projection data. After retrieval of the absorption coefficients at several frequencies, the local absorption profile can be retrieved and the Doppler broadening at each point can be given with the curve fit on the profile. With the knowledge of the laser beam's wavelength, 0 ϭ 811.531 nm in this case, 11 we can derive the temperature at that particular location with Eq. ͑10͒. The local atomic number density of the argon atom at 4S 3͞2 is determined with Eq. ͑12͒ by the combination of local temperature and absorption coefficient values. Repeating the process for each operating case at every point in the field, as shown in Fig. 6 , provides the entire temperature and atomic number density field.
B. Arcjet Operating Conditions
The arcjet experiments were conducted at mass-flow rates of 0.06, 0.12, and 0.24 g͞s with discharge currents of 100, 140, and 180 A. The operating condi- tions of the arcjet are listed in Table 2 , where the specific input power is defined by
where I and U are the discharge current and the voltage, respectively, and ṁ is the mass-flow rate of the propellant.
C. Temperature and Atomic Number Density at the Exit Plane Figure 7 shows the plume temperature and the atomic number density distribution at 1.5 mm from the exit plane with discharge currents of 100, 140, and 180 A, respectively, at a fixed mass-flow rate of 0.12 g͞s. The solid curve represents the temperature distribution, and the dotted curve represents the atomic number density distribution. The symbols in the figure represent the discharge current: circles denote a 100-A current; diamonds, 140-A current; squares, 180-A current. The maximum temperature and atomic number density at each test case are at the center of the plume and range from 6694 to 9862 K and from 1.35 ϫ 10 11 to 1.48 ϫ 10 11 cm
Ϫ3
.
The temperature variation is greater than 45%, whereas the variation of the atomic number density is less than 10%. The uncertainty in translational temperature is related primarily to the assumption of local thermodynamic equilibrium and the FWHM width. The assumption of equilibrium implies that energy deposited in the internal modes of the atoms can be recovered as thermal energy. In reality, some of the energy leaves the arcjet while it is frozen as internal energy and is not recovered as translational temperature. The exit pressure must be higher than the 0.3-Torr chamber pressure. The electronic temperature is higher than the translational temperature because of insufficient collisions in the arcjet. The uncertainty in FWHM width, which is estimated to be less than 20%, is expected to be due primarily to the coupling of Doppler and other broadenings, to noise in the absorption signal, and to uncertainties in Gaussian fitting and reconstruction. The total uncertainty in translational temperature is estimated to be less than 50%.
The uncertainty in atomic number density results mainly from the assumption of local thermodynamic equilibrium, as well as determination of the FWHM width and absorption coefficient. The atomic number density derived should be higher than the value expected because of the fundamental assumption. The uncertainty in determination of the FWHM width and absorption coefficient is estimated to be less than 40%. In addition, some degree of uncertainty is introduced because of neglect of induced emission in Eq. ͑6͒. The uncertainty increases with translational temperature; it can be as high as ϳ44% at a temperature of 15,000 K and quite small at a low temperature. Figure 8 shows the plume temperature and the atomic number density distribution at 1.5 mm from the exit plane with a fixed discharge current of 140 A, whereas the mass-flow rate changed from 0.06 to 0.24 g͞s. As before, the solid curves in the lower part represent the temperature distribution and the dotted curves in the upper part represent the atomic number density distribution. The circles denote the massflow rate of 012 m͞s; diamonds, 0.06 m͞s; squares, 0.24 m͞s. The maximum temperature and atomic number density range from 5977 to 11,180 K and from 1.27 ϫ 10 11 to 1.52 ϫ 10 11 cm
, respectively. As shown in Figs. 7 and 8, the temperature and the atomic number density of the arcjet plume drop drastically along the radial direction because of diffusion and energy dissociation. Both the temperature and the atomic number density increase simultaneously with the discharge current and the mass-flow rate. As a result, the increased mass-flow rate brings about greater thermal efficiency and provides more energy to heat the plasma plume and to excite the neutral atom from the ground state. The increased discharge current contributes to a similar physical process, although the thermal efficiency decreases slightly with the discharge current. 11 This trend is the same as that obtained by emission spectroscopy 8 and by LIF spectroscopy 9 for other temperature measurements.
D. Maximum Temperature and Number Density with Specific Input Power and Axial Location
The variations of maximum temperature and atomic number density with the specific input power are shown in Fig. 9 . The filled symbols represent temperature and the open symbols represent atomic number density. The diamonds represent massflow rate of 0.06 g͞s, the circles denote the measurements at a mass-flow rate of 0.12 g͞s, and the rectangles represent 0.24 g͞s. We determined that the temperature and the atomic number density do not always increase as a result of specific input power. The values at mass-flow rates of 0.06 and 0.24 g͞s are the minimum and the maximum values for the specific input powers. This can be inferred from the phenomenon that the thermal efficiency of the arcjet increases with the mass-flow rate. 2, 6, 11 Figure 10 shows the results of the maximum temperature and the atomic number density with axial locations of 1.5, 101.5, and 151.5 mm from arcjet exit plane at mass-flow rates of 0.06, 0.12, and 0.24 g͞s. The discharge current was fixed at 140 A. We determined that the increase in axial location decreases the plume temperature and the atomic number density, but does not cause a single increase or decrease in the absorption radius of a plume. At a lower mass-flow rate of 0.06 g͞s, the temperature and the atomic number density decrease from 5977 to 3015 K and from 1.27 ϫ 10 11 to 1.89 ϫ 10 10 cm Ϫ3 along the axial direction, whereas the plume radius varies from 18 to 27 mm and to 10 mm without a definite increase or decrease. Similar results were obtained at higher mass-flow rates, but the variation in plume radius decreased according to the amount of mass-flow rate ͑see Table 2͒ . The decrease in temperature and atomic number density is the result that the plume flow experiences a large moment of energy transfer with the entrained background gas, which is consistent with the result indicated by the velocity measurement. 11 In past studies, the plasma plume velocity increased with the mass-flow rate at a fixed discharge current. Development of the plume, which is directly related to its velocity, provides the radius variation.
Summary and Conclusion
Diode-laser computerized tomography has been developed to derive the spatial temperature and atomic number density distribution of an arcjet plume by reconstruction of the absorption coefficient field. The temperature at each location is derived from the Fig. 8 . Temperature and atomic number density distribution with fixed discharge currents of 140 A at 1.5 mm from the exit plane. Fig. 9 . Maximum temperature and atomic number density of the plume with a specific input power. Doppler width of the absorption profile, whereas the spatial number density is determined from the reconstructed absorption coefficient and the full width at half-maximum of the absorption profiles at each location. The transmission through an argon discharge tube was used to obtain the reference peak position, and the FP etalon was used to obtain reference frequency spacing. The laser fiber and its related optical and mechanical assemblies were applied to achieve a convenient diagnosis for the arcjet plume in a vacuum chamber. We took measurements of the arcjet plume by changing the mass-flow rates of 0.06, 0.12, and 0.24 g͞s and the discharge currents of 100, 140, and 180 A. The maximum temperature and atomic number density do not always increase with specific input power, but they always increase at a fixed mass flow rate. Development of the plume was studied with measurements taken at different locations.
The applicability of diode-laser absorption to the diagnostics of an arcjet plume has been demonstrated. Although we used argon as the propellant and Ar I at 811.531 nm was the center absorption line, the technique itself should be applicable to arcjet or other hypersonic flow systems without the need for significant modification. The technique could be used after an appropriate selection of absorption line and suitable laser diode, and some improvement should be made to the signal-to-noise ratio and care should be exercised in the interpretation of the data.
